. The number of proteins in the PKC get of G␤␥ is protein kinase D (PKD), an isoform of family is increasing, and the members are usually diprotein kinase C. PKD, unlike other members of this vided into "conventional" PKCs (␣, ␤1, ␤2, ␥) that require class of serine/threonine kinases, contains a pleckcalcium and negatively charged phospholipids, diacylstrin homology (PH) domain. Our results demonstrate glycerol or phorbol ester for optimal activation, "novel" that G␤␥ directly activates PKD by interacting with PKCs (␦, ⑀, , /L) that are calcium independent, and its PH domain. Inhibition of PKD activity through the finally, "atypical" PKCs (/, ) that require only negause of pharmacological agents, synthetic peptide subtively charged phospholipids for activation. In addition, strates, and, more specifically, the PH domain of PKD there are several kinases that are distantly related to prevents G␤␥-mediated Golgi breakdown. Our findthe PKC family. Among these is PKC and its mouse ings suggest a possible mechanism by which the dihomolog protein kinase D (PKD), whose only resemrect interaction of G␤␥ with PKD regulates the dynamblance to the PKC family is its phorbol ester-binding ics of Golgi membranes and protein secretion. 
of the Golgi apparatus. We tested this hypothesis by adding calphostin C to IQ-treated cells. This compound potently inhibits various protein kinase C isoforms by competing with diacylglycerol and phorbol esters at their binding sites in the regulatory domain of these proteins. The IC 50 of this compound to inhibit protein kinase C is 50 nM (Kobayashi et al., 1989). Addition of 100 nM of calphostin C with 30 M IQ to intact NRK cells did not inhibit the fragmentation of the Golgi apparatus ( Figure 1B) . In NRK cells made permeable by treatment with digitonin and salt washed with 1 M KCl, addition of 100 nM calphostin C did not block Golgi fragmentation induced by 25 nM G␤␥ ( Figure 1C) . Likewise, the myristoylated epidermal growth factor receptor fragment (651-658), a membrane-permeant PKC inhibitor, did not block the effects of IQ or G␤␥ (data not shown).
We next tested the possibility that cAMP-dependent protein kinase (PKA) is involved in Golgi fragmentation. The activity of PKA has previously been shown to be required in the formation of vesicles from the TGN (Muniz et al., 1997). This finding was made with the use of the myristoylated form of the inhibitory peptide sequence contained in the thermostable PKA inhibitor that inhibited vesicular transport from the trans-Golgi network to the cell surface. However, addition of up to 100 nM PKI (K i ϭ 36 nM), a specific inhibitor of PKA, to permeabilized , 1994) . This findwhether members of the protein kinase C family are ing is consistent with our observation that this cominvolved in the signal transduction pathway that is initipound could not inhibit IQ-or G␤␥-mediated fragmentation at 100 nM. The ability of these pharmacological ated by IQ and culminates in the complete fragmentation Figure 2B ). The ␤I peptide was able to reduce G␤␥-mediated Golgi fragmentation in about 20% of cells, prepare synthetic peptides that are selective substrates with high affinity for the respective PKC isozyme. Their whereas the PKC⑀ peptide had no significant effect (Figure 2B) . characterization of optimal peptide sequences showed that the ␤I peptide substrate is suitable for phosphorylaTo further analyze the specificity of the peptide substrate in inhibiting IQ, we tested the effect of a peption by all of the isozymes. However, PKC (the human homolog of PKD) was the only family member unable tide that deviates from the optimal peptide sequence ( Figure 3A) . The scrambled form of the PKC peptide to use the ⑀ peptide as a substrate. Finally, the peptide serves as a specific substrate, in that it was efficiently was observed to be 15-fold less efficient in being phosphorylated by PKD relative to the optimal peptide phosphorylated only by PKC/PKD. The effects of these substrates as competitors of the endogenous targets sequence (data not shown). Random scrambling of the entire sequence abrogated the inhibitory effects of this for the putative kinase were tested by loading permeabilized, salt-washed cells with these peptides and assaying peptide over IQ ( Figure 3B ). Similar results were obtained when G␤␥ was used instead of IQ as a means for their ability to prevent Golgi fragmentation induced by IQ. Results from these experiments correlate well to fragment the Golgi membranes. Permeabilized NRK cells were salt washed and incubated with an ATPwith the involvement of PKC/PKD in this signaling cascade. The peptide substrate was tested over a range regenerating system, 25 nM G␤␥, and the PKC peptide or its scrambled derivative. At 25 M concentration, the of 5 to 100 M and was optimally effective at inhibiting IQ-mediated Golgi fragmentation at 25 M (Figure 2A) . scrambled peptide sequence did not reduce G␤␥-mediated Golgi fragmentation, while at the same conThe PKC⑀ peptide, which can be used as a substrate for all PKC isozymes except for PKC, did not significantly centration, the optimal PKC peptide sequence reduced fragmentation in nearly 80% of cells relative to decrease Golgi fragmentation caused by IQ (Figure 2A) . Moreover, increasing the concentration of ⑀ pseudosubcells treated with G␤␥ alone ( Figure 3C ). Furthermore, the amount of Golgi fragmentation induced by G␤␥ was strate in the semi-intact and salt-washed cells to 50 M did not prevent Golgi fragmentation (data not shown).
not affected by the presence of the scrambled peptide at concentrations as high as 50 M. This observation further supports our finding that other members of the PKC family that can readily use this Therefore, the ability of the optimal peptide sequence to inhibit the effect of IQ and G␤␥ correlates with its peptide as a substrate are not involved in this signaling pathway. The ␤I peptide was able to inhibit IQ-mediated ability to compete with the endogenous substrate of PKD. The scrambled peptide serves as a poor subGolgi fragmentation, though the inhibition was about half as efficient as the peptide at 25 M (Figure 2A ). strate and thus was not an efficient competitor for the intracellular target of PKD. Together with the fact that We next analyzed the ability of the peptide to block Golgi fragmentation induced by G␤␥. When 25 M of this peptide cannot be used as a substrate for other protein kinase C family members, these observations the peptide substrate was added with 25 nM G␤␥ to semi-intact, salt-washed cells, Golgi fragmentation was strongly suggest that PKD is a component of the Golgi fragmentation pathway. inhibited by 80% relative to cells treated only with G␤␥ by the presence of H89. The observation that IQ could not directly activate immunoisolated PKD but required another factor present on Golgi membranes is consis-IQ and G␤␥ Activate PKD tent with our model that IQ induces the activation of PKD Thus far, we have provided evidence that inhibiting PKD by the generation of free G␤␥ from the heterotrimeric G activity effectively blocks the effect of IQ and G␤␥ on protein complex (Jamora et al., 1997). In either case, the Golgi. If we are correct in our supposition, then PKD whether IQ or G␤␥ was used to increase PKD activity, should be activated during IQ-and G␤␥-mediated Golgi the level of phosphorylation of a PKA substrate as well fragmentation. We first tested whether IQ and G␤␥ were as the ⑀ pseudosubstrate for other PKC isoforms was able to increase the activity of this kinase by assaying unchanged, thereby suggesting that these enzymes are for an increase in autophosphorylation of PKD immunonot activated by these reagents (data not shown). Toprecipitated from NRK cells. PKD was isolated from NRK gether these data suggest that the early events by which cells with a polyclonal antibody to the carboxy-terminal IQ causes the fragmentation of the Golgi is as follows: region of the protein and immobilized on protein A-sepha-IQ liberates G␤␥ from its association with G␣ on the rose. This immunocomplexed PKD was incubated with Golgi membrane; an immediate target of the released [ nofluorescence. For a negative control, the cells were To further validate the finding that the PH domain of fixed before shifting to the permissive temperature when PKD is involved in regulating Golgi structure, we tested the VSV-G protein was arrested in the ER. As a positive whether the PH domain of PKD could interact with the control, the cells were incubated at the permissive temfree G␤␥ to sequester it away from its intracellular target. perature in the absence of any inhibitors, and in this For this, permeabilized and salt-washed cells were incucase, the VSV-G protein was present in the Golgi and bated with 3 g/ml of purified PH domain from PKD and at the plasma membrane. We first tested the effect of 90 either 30 M IQ or 25 nM G␤␥ in the presence of an M of H89, which was able to inhibit Golgi fragmentation ATP-regenerating system. This truncated protein was induced by G␤␥ or IQ. Infected NRK cells were incubated sufficient to inhibit the effects of both IQ and G␤␥. Golgi with H89 for 20 min at nonpermissive temperature and fragmentation induced by IQ was reduced from greater than 90% to nearly 50%, while G␤␥-mediated fragmenthen shifted to the permissive temperature for 45 min. The cells were then stained with an antibody against tation was reduced from an average of 86% to 45% (Figures 7A and 7B) . As a control, a mutated form of the VSV-G protein. Figure 8A shows that H89 inhibits VSV-G transport, resulting in the accumulation of this this PH domain was tested to determine whether it had inhibitory activity over IQ-and G␤␥-mediated fragmenprotein in the ER. The effect of H89 is not due to the inhibition of PKA, since PKI (20 M), a specific PKA tation. For this purpose, the PH domain in which amino acids RKR at position 445-447 were replaced with GAG, inhibitor, had no effect on VSV-G transport ( Figure 8A ). We next tested the effect of PKD-specific peptide which presumably destroys the interaction of PH domains with lipids or other ligands, was employed. Addisubstrate, peptide, in the transport of VSV-G protein in permeabilized cells. The infected NRK cells were incution of this mutated PH domain did not decrease the amount of Golgi fragmentation induced by either IQ or bated at nonpermissive temperature to arrest the newly synthesized VSV-G protein in the ER. After permeabiliza-G␤␥ (Figures 7A and 7B) .
G␤␥ and the PH domain of PKD inhibits protein transport along the secretory pathway.

Discussion
The major points of interest emerging from our studies are as follows. (1) PKD is required for IQ-and G␤␥-mediated Golgi fragmentation. (2) Both of these reagents stimulate PKD activity. G␤␥ directly activates PKD, whereas IQ does so through the involvement of G␤␥. (3) G␤␥-mediated activation of PKD is through interaction with the PH domain of PKD. (4) In addition to regulating Golgi structure, PKD plays a role in protein secretion.
The mechanism by which stacks of Golgi cisternae maintain their organization is relatively unknown. Our view is that there exists a fine balance between membrane insertion and extraction (during protein transport) to ensure that the structural integrity of the Golgi is not compromised. Any event that perturbs this balance would cause Golgi membranes to lose their organization (Jamora et al., 1997; Glick and Malhotra, 1998). This might that IQ-and G␤␥-mediated Golgi fragmentation does not require cytosolic or peripheral membrane proteins Because the PH domain of PKD was able to inhibit Golgi fragmentation induced by IQ or G␤␥, we next is inconsistent with the conventional and novel isoforms of PKCs that usually translocate from the cytosol to the tested the effect of the PH domain in ER-to-Golgi protein transport in semi-intact NRK cells. After infection with membrane upon activation. PKD, however, is a resident enzyme on Golgi membranes. Though PKD is the only the tsO45 strain of VSV and incubation at nonpermissive temperature, the cells were permeabilized with digitomember of the PKC superfamily with a putative membrane-spanning domain, we have found that PKD is not nin. After permeabilization, the cells were incubated with 3 g/ml PH domain or PH mutant (RKR/GAG) in KHM a transmembrane protein, since washing isolated Golgi membranes with urea causes release of this kinase for 10 min at room temperature. Following this preloading step, cells were incubated with ATP regeneration (data not shown). Though the mechanism by which PKD is tightly bound to Golgi membranes is currently not system and cytosol in the presence of the PH domain or the mutant form at the same concentration described known, its constant association with the membrane is particularly cogent in light of the fact that G␤␥ remains above at the permissive temperature for 60 min. The cells were stained with VSV-G protein antibody and visuattached to the lipid bilayer upon dissociation from G␣. Furthermore, PKD is unique within the PKC family in that alized by fluorescence microscopy. As shown in Figure  8C , the PH domain was also able to block VSV-G transit contains a PH domain that is located in its regulatory region. PH domains have been shown to be required port from ER to Golgi. Emr and colleagues have shown that Vps15p and One prediction based on these observations would be Vps34p, a Ser/Thr protein kinase and a phosphatidylinothat a mutant of PKD that can interact with G␤␥ but is sitol-specific 3 kinase (PI3K), respectively, are required otherwise incapable of transducing the signaling pathfor the efficient sorting and delivery of proteins from way any further should also inhibit Golgi fragmentation.
Golgi to the vacuole in yeast (Stack et al., 1995) . The Consistent with this idea, we have found that a kinasefunction of Vps15p in this process is to recruit Vps34p dead form of PKD (K618N) that contains an intact regulato the trans-Golgi network. We have found that PI3K is tory region decreased Golgi fragmentation induced by not likely to be involved in the IQ-and G␤␥-mediated IQ or G␤␥ to nearly the same level as that observed fragmentation of the Golgi, as the generic PI3K inhibitor using purified PH domain (data not shown).
wortmannin brane" region and the PH domain. Interestingly, the K612W mutant of PKC, which abolishes the kinase To achieve this regulation, G␤␥-and therefore its downstream target PKD-may be active only for a short peactivity of this protein, prevented the association with the lipid kinases. It was postulated that autophosphoryriod. In this limited time, the sequence of biochemical events results in the production of a specific number of lation of PKC, which is blocked in this mutant, is required for priming the amino terminus to bind other transport carriers. Inactivation of G␤␥ stops the signaling cascade, thus shutting down the production of vesicomponents. This hypothesis correlates well with our finding that the addition of the kinase-dead mutant of cles. Continued activation of G␤␥ and its downstream substrate PKD (as in the case of IQ treatment) will result PKD can effectively inhibit IQ-or G␤␥-mediated Golgi fragmentation (data not shown). One possible interprein the complete conversion of stacks of Golgi cisternae into vesicles. Our results demonstrating that proteins tation of our observation is that even though G␤␥ can relieve the negative regulation of the PH domain, the which regulate Golgi structure also modulate the protein transport function of this organelle is consistent with inability of the kinase to autophosphorylate itself or another protein can terminate the signaling pathway govthis idea. The model we have proposed is validated by a growing body of data supporting the idea that erning Golgi disassembly. Thus, in addition to its function of modulating the activity of the catalytic domain, membrane receptors and second messenger systems may modulate membrane traffic along the secretory a role for the regulatory domain as a scaffold to recruit the lysate was centrifuged at 10,000 ϫ g for 15 min. These were run on SDS-PAGE, transferred to nitrocellulose, and 0.2 g/ml aprotinin, 0.2 g/ml leupeptin, and 0.2 g/ml pepstatin, 1 mM benzamidine) was added to each dish and the cells scraped exposed to film. Equal loading of protein was verified by probing the nitrocellulose filter with the PKD antibody. off and collected into a tube. Following a 30 min incubation on ice,
